The Heusler ferromagnetic (FM) compound Co 2 FeAl interfaced with a high-spin orbit coupling non-magnetic (NM) layer is a promising candidate for energy efficient spin logic circuits. The circuit potential depends on the strength of angular momentum transfer across the FM/NM interface; hence, requiring low spin memory loss and high spin-mixing conductance. To highlight this issue, spin pumping and spin-transfer torque ferromagnetic resonance measurements have been performed on Co 2 FeAl/β-Ta heterostructures tailored with Cu interfacial layers. The interface tailored structure yields an enhancement of the effective spin-mixing conductance. The interface transparency and spin memory loss corrected values of the spin-mixing conductance, spin Hall angle and spin diffusion length are found to be 3.40 ± 0.01 × 10 19 −2 , 0.029 ± 0.003, and 2.3 ± 0.5 , respectively. Furthermore, a high current modulation of the effective damping of around 2.1 % has been achieved at an applied current density of 1 × 10 9 2 , which clearly indicates the potential of using this heterostructure for energy efficient control in spin devices. * Ankit.Kumar@angstrom.uu.se † Peter.Svedlindh@angstrom.uu.se I.
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INTRODUCTION
Spin current manipulation of the magnetization state in magnetic heterostructures employing spin transfer torque is an effective way to achieve energy efficiency in conjunction with high endurance and non-volatility for magnetic random access memory (MRAM) and spin logic devices [1] . Gallagher et al. [2] reported the first MRAM operated by Oersted magnetic field switching of the magnetic state. However, Oersted field magnetic switching requires high current density, which consequently yields high Joule heating [3] . A more energy efficient way of magnetization manipulation for spin logic devices is the use of spin transfer torque (STT). Recently, L. Liu et al. [4] reported the spin Hall effect (SHE) induced STT switching of the ferromagnetic (FM) layer in magnetic tunnel junctions. In case of a SHE operated device, an in-plane charge current density in a device including a high spin orbit coupling (SOC) nonmagnetic (NM) layer generates a transverse spin current density, . The efficiency of the SHE is governed by the spin Hall angle (SHA) of the NM layer; = ⁄ , where is longitudinal charge conductivity and is spin Hall conductivity, which can also be expressed as = ⁄ . The intrinsic Berry curvature contribution and the extrinsic contributions due to skew scattering and side jump govern the SHE mechanism [5] . The spin current density exerts a torque on the adjacent ferromagnetic layer in NM/FM heterostructures by the s-d exchange coupling [5] . The effectiveness of STT magnetization manipulation depends on the SHA of the NM layer as well as the interface transparency and spin memory loss (SML) at the FM/NM interface. Therefore, for STT spin devices the prime requirements are (i) large SHA of the NM layer, (ii) low magnetic damping of the FM layer, which reduces the critical current density requirement for manipulation of the magnetization, and (iii) high interfacial transparency and low SML; which will result in large spin angular momentum transfer across the interface. Large SHAs have been reported in 2D transition metal dichalcogenides and topological insulators; however, these are challenging to fabricate and their stability is also an issue [6] . Large SHAs have also been reported for 5d elements, e.g. Pt ( = 0.07 − 0.3) [7] , high resistive β-Ta ( = 0.03 − 0.35) [8] and A15 disordered β-W ( = 0.07 − 0.5) [8] . The large variation in reported SHAs in studies of NM/FM systems is due to significant variations of the interfacial parameters; therefore, the mechanisms that produce the SHE is still fiercely debated. Liu et al. [4] have reported a giant SHE in β-Ta. Tantalum with a less than half-filled 5d shell is anticipated to exhibit a negative spin Hall angle [9] . Therefore, it would be of interest to understand the STT efficiency in terms of interfacial parameters of this system interfaced with a low damping Heusler compound. One of the most prominent Heusler compounds is Co 2 FeAl (CFA), which exhibits low Gilbert damping ( ) and high Curie temperature in its well-ordered L2 1 phase [10] . Recently, we have reported = 7.6 × 10 −4 and = 1 × 10 −3 in partially L2 1 and B2 ordered as-deposited CFA thin films [11] [12] . In a subsequent study, we also investigated β-Ta interfaced with different thicknesses of CFA with respect to the enhancement of the damping parameter employing spin pumping measurements [13] . The β-Ta/CFA bilayers exhibited low intrinsic Gilbert damping, ≤ 1.1 × 10 −3 , high interface transparency, = 64%, and high spin pumping efficiency [13] . In the present study, β-Ta/CFA bilayers are further studied using interface tailoring; with and without using Cu as an intermediate interface layer. We observe that the interfacial Cu layer enhances the interfacial spin mixing conductance. The high value of the current induced modulation of the effective Gilbert damping ( ) in β-Ta/CFA, makes this material combination a promising candidate for MRAM and spin oscillator devices.
II. EXPERIMENTAL DETAILS CFA thin films were deposited on Si/SiO 2 substrates using an ion beam sputtering system (Nordiko-3450). To remove surface contamination prior to deposition, the substrates were heat treated at 620 °C for 2 hours. The base pressure, working pressure, and growth temperature were kept at 7 × 10 −7 Torr, 2.4 × 10 −4 Torr and 300 °C, respectively. The grown CFA layers were interfaced with 6 nm of β-Ta and finally capped with a 2nm Cr layer. Two samples were deposited using interfacial Cu layers with different thickness ( ); Si/CFA(7nm)/Cu( = 0, 1, 7 nm)/β-Ta(6nm)/Cr(2nm). These samples are hereafter referred to as Cu(0), Cu(1) and Cu (7) . In another batch, the grown CFA layers were interfaced with different thicknesses ( ) of β-Ta layer:
= 2, 4, 6 and 8 nm. Details of the growth technique and magnetic properties have been reported in our previous work [13] . In the previous study we established that the CFA/β-Ta bilayer devoid of an interfacial dead layer exhibited 68% interface spin transparency, which is even higher than for Pt interfaced devices. The layer thicknesses, densities and surface/interface roughness were obtained using X-ray reflectivity (XRR) measurements. The scans covered the 2θ range 0°-8°, and the XRR results were analysed using the PANaltical X'pert Reflectivity software package (ver. 1.2 with segmented fit). In-plane broadband FMR measurements were performed using a coplanar waveguide, where a lock-in amplifier detection technique was used. A pair of homemade Helmholtz coils generating a low-frequency (211.5 Hz) and low-amplitude magnetic field (0.25 mT) was used to modulate the microwave signal, which was detected by the lock-in amplifier. Each measurement was performed varying the dc magnetic field while keeping the microwave frequency constant. FMR spectra were recorded in the frequency range from 8 to 19 GHz in steps of 1 GHz with the dc magnetic field applied along the easy axis of the samples. Out-ofplane broadband FMR measurements were performed employing a vector network analyzer (VNA); details of this system are presented in Ref. [12] . In field sweep mode, keeping frequency constant, the magnetic field dependence of the complex transmission parameter In ST-FMR measurements, the microwave current ( ) was injected along the sample length, as indicated by the arrow in Fig. 5(b) . The ST-FMR spectra were recorded by scanning the in-plane magnetic field at 45° ( ) with respect to the direction of at different constant frequencies ranging from 4 to 11 GHz. The ST-FMR setup uses an ultralow-noise signal generator from Rohde and Schwarz (SMF 100A) with 1-43.5 GHz frequency range, and 1 × 10 −6 − 0.1-W power range with options for amplitude, phase and frequency modulation.
These measurements used an internal amplitude modulation technique, where 50% internal amplitude modulation of the microwave signal at 999 Hz was used. The modulated signal was detected using a lock-in amplifier (Model SR 830 DSP). The applied power was kept at 15 dB during measurements (for more details of the setup, see Ref. [14] ).We would also like to remark that the non-uniformity of the microwave power inside the patterned bar is negligible for the samples studied in this work.
III. RESULTS AND DISCUSSION
A. X-ray reflectivity: Interface roughness Figure 1 shows the XRR experimental spectra (symbols) along with the simulated spectra (lines). The simulated results, layers thickness and roughness, are presented in Table 1 . The simulated results indicate sharp interfaces in all studied heterostructures.
B. Spin pumping: ferromagnetic resonance measurements
The precession of the magnetization generates a transverse spin current to the FM/NM interface which can be expressed as ( ) = interfacial spin mixing conductance, the spin conductance due to interfacial spin memory loss and is the spin conductance of the NM SHE layer [17] . governs the flow of spin angular momentum across the FM/NM interface per unit area, which can be expressed, considering the Schep correction, as [18] To understand the spin pumping phenomenon in these films, in-plane FMR spectra were recorded with the magnetic field ( ) applied along the easy axis of magnetization. The recorded spectra were fitted using the expression,
where ⁄ is the magnetic field derivative of the microwave absorption signal, and and are the amplitudes of the symmetric and antisymmetric contributions to the measured signal, respectively. The full width half maximum linewidth and resonance field were used as fitting parameters. Figure 2 (a) shows typical in-plane FMR spectra (symbols) for Cu(0), and solid lines correspond to fits using Eq. (2). The observed line width ( 0 ∆ ) vs. frequency ( ) is plotted in Fig. 2(b) for Cu(0), Cu(1) and Cu (7), and the inset in figure shows vs. 0 for Cu(0). The 0 ∆ vs. data were fitted using the expression:
where is the effective damping parameter which for the in-plane configuration in addition to the intrinsic Gilbert damping contains contributions both from two magnon scattering (TMS) and spin pumping into the β-Ta layer. ∆ 0 is the frequency independent contribution to the linewidth due sample inhomogeneity and mosaicity. Here = 180.4 GHz/T, obtained from analysis of the out-of-plane FMR data, was kept fixed for all fittings [13] . The determined values of are 10.65± 0.02 × 10 -3 , 10.75 ± 0.03× 10 -3 and 11.07 ± 0.03 × 10 -3 , and the values of ∆ 0 are 0.1, 0.1 and 1.5 mT for the Cu(0), Cu(7), and Cu(1) samples, respectively. The frequency vs. resonance field data was fitted using Kittel's equation corresponding to in-plane easy-axis FMR measurements, and the obtained value of the effective magnetization 0 is 1.11T, which is also consistent with our previous results [13] . The in-plane determined values are nearly equal for the Cu(0) and Cu(7) samples, while the interfacial dusting layer in Cu(1) exhibits marginally higher value of . The inhomogeneous linewidth ∆ 0 is approximately zero for the Cu(0) and Cu(7) films, while it is substantially larger in Cu(1). In in-plane FMR spectra, TMS contributions cannot ignored; therefore, to conclude the effect of Cu interfacial layer TMS free line-shape parameters estimation is required.
To evade the effect of TMS, out-of-plane FMR spectra were recorded in the 10 to 24 GHz frequency range for the Cu(0), Cu(1), Cu(7) and CFA(7.5)/ β-Ta( : 2, 4, 8 nm) samples. The recorded magnetic field dependence of the complex transmission parameter 21 was fitted to the following equation: Figure 3(a) shows the magnetic field dependence of the real and imaginary components of 21 (symbols) together with fits according to Eq. (4) (lines) for the Cu(0) sample at 10 GHz; all spectra were fitted to obtain line-shape parameters using Eq. (4). The inset in Fig. 3 (b) shows the fit of vs. for the Cu(0) sample using the above mentioned expression. The determined values of (1.1 T) and (180.4 GHz/T) for all samples are matching well with our previous results [13] . The extracted 0 ∆ vs. data were fitted using Eq. (3) to determine (cf. Fig. 3(b) ). The determined values of are 5.6 ± 0.2 × 10 −3 , 4.5 ± 0.1 × 10 −3 and 8.0 ± 0.2× 10 -3 for the Cu(0), Cu (1), and Cu (7) samples, respectively. Similarly, the values have been determined for the CFA(7.5)/β-Ta( : 2, 4, 8 nm) films and the results have been used to calculate the SML at the CFA/β-Ta interface, as will be discussed in the forthcoming section. The out-of-plane measured values of the Cu (1) and Cu (7) samples can provide the true characteristics of the interfacial spin pumping mechanism. The value for the Cu(1) sample is 4.5 ± 0.1 × 10 −3 , which clearly indicates a reduction of spin-pumping compared to the spin pumping in the Cu(0) sample due to a reduction of . Therefore, a comparison between the Cu(0) and Cu(7) samples have been made to understand the true effect of the Cu layer at the interface.
The ratio of the out-plane recorded values for Cu (7) and Cu(0) is 
C. Spin memory loss
Fert et al. [22] originally coined the spin memory loss (SML) concept at magnetic heterostructure interfaces in current perpendicular to plane giant magnetoresistance devices. Later, Rojas-Sanchez et al. [23] and Liu et al. [21] established by experimental studies and first principle calculations that the interfacial SML contributes significantly to the damping enhancement. In their combined model of spin diffusion and spin pumping, SML is defined in terms of the ratio of the interface layer thickness and interface spin diffusion length, and an estimate of the interfacial resistance is required to calculate the SML parameter, which is however difficult to estimate accurately. Further, Chen et al. [16] developed a theoretical model in terms of retarded and advanced Green functions, employing interfacial SOC to calculate the SML, where the interfacial resistance value is not required to estimate SML. According to the Chen et al. model the effective mixing conductance on the FM side including spin back flow and SML can be expressed as
while the equation on the NM side is
In these equations, is the SML parameter; = 0 for no loss and = 1 for complete loss of spin current at the interface, and = ( + 
To estimate , and for the CFA/β-Ta interface, we have used the dependent effective damping ( ) of CFA ( 
where and are the symmetric and anti-symmetric components, respectively, of the . is proportional to the out-of-plane damping-like effective torque and is proportional to the in-plane effective torque due to the Oersted field and the SOT field-like torque; for more details see Refs. [14, 26] . Using these symmetric and anti-symmetric components, under assumption of a perfectly transparent interface, the SHA ( ) can be calculated from the expression [25, 26] 
where is the saturation magnetization of the CFA layer. The recorded ST-FMR spectra of the Cu(0) and Cu(7) samples were fitted using Eq. 8; some recorded spectra of CFA(7nm)/Ta(6nm) for ± µ 0 H field sweeps together with fits are presented in Fig. 5(c) . The lineshape parameters , , and  were obtained by fitting the ST-FMR spectra using Eq. (8) . The SHA values for CFA(7nm)/Cu( )/Ta(6nm) at different constant frequencies were calculated using Eq. 9; the results are presented in Fig. 6 . The SHA values determined using Eq. 9 are different for the different samples, which clearly indicates the presence of extrinsic contributions in the calculated SHA values. Since in our samples we have negligible Rashba contributions, the only possible contribution that can enhance the value, and hence the calculated SHA, is the spin pumping contribution. As effective damping parameter is 1.42 times larger in the Cu (7) sample than in the Cu(0) sample, more spin pumping is expected in the Cu (7) sample. To calculate accurate SHA values, the Eq. (9) estimated values must be corrected for the spin pumping contribution since the ST-FMR determined only accounts for SOT contributions in the lineshape. The symmetric part of the ST-FMR spectrum can contain contributions both from spin pumping, , and SOT, − ; = + − . Therefore, the SOT weight factor in ST-FMR spectrum can be expressed as
The frequency dependent values were estimated using the method presented in Ref. [14] , and subsequently the spin pumping corrected SHA values at different frequencies are presented in Fig. 6 . The spin pumping corrected calculated SHA values of the Cu(0) and Cu(7) samples are nearly equal to each other. The obtained value of the SHA lies within a range of the reported values, as the β-Ta SHA value is expected to be smaller than for the mixed β-Ta/-Ta phases [24, 27] .
To check spin-device significance of the CFA/β-Ta structure a study of the applied dc current dependent modulation of the lineshape parameters was performed. Superimposing a dc current in the ST-FMR measurement modulates the lineshape parameters. vs. data for different is negligible for the Cu(7) sample, while it is substantial for the Cu(0) samples. Table 1 : XRR fitting parameters; thickness and roughness/interface width of each individual layer in the Cu(0), Cu(1), and Cu (7) samples. Schematic of spin torque induced magnetization ⃗⃗ precession around its equilibrium direction at the driving frequency and phase delay, 0 . is the angle of ⃗⃗ with respect to the XY plane, and θ is the cone angle. , , and are damping-like torque, antidamping spin-torque, and field-like torque, respectively; for details see Ref. [14] . (c) ST-FMR spectra for the Cu(0) sample in positive/negative magnetic field scans at different frequencies. The red solid lines are fits to the spectra using Eq. (8). 
